This paper examines the impact on domestic background air infiltration of replacing 'old windows' with modern double-glazed and draught sealed windows, both with and without controllable ventilation (e.g. trickle ventilators). Methods of estimating the change in infiltration rate produced by such a window replacement are reviewed. A simple model has been developed which, using laboratory measurements of window air permeability, predicts the reduction in infiltration that can be expected when a given number of windows are replaced in a dwelling. The validity of the model has been tested using data from a house both before and after replacing the windows. The paper investigates the impact that replacing windows in the UK domestic building stock (partly stimulated by Part L of the Building Regulations in England and Wales) is likely to have on the adequate provision of ventilation in the domestic stock. The paper concludes that replacing old windows in a significant proportion of UK dwellings can reduce ventilation levels below recommended levels unless controllable background ventilation is installed at the same time as new windows.
Introduction
The energy efficient refurbishment of the existing building stock is essential if developed countries are to meet their commitments to reduce the emissions of carbon dioxide, a principle greenhouse gas. Replacing existing windows with modern energy efficient windows is one of the measures that can easily be introduced into existing buildings. For this reason Part L of the 2002 Building Regulations for England and Wales, which covers energy efficiency, brings for the first time, domestic replacement windows under its control, see Annex A. This introduces the problem of getting the correct balance between energy efficiency and providing adequate ventilation to the existing building stock.
In the UK existing dwellings have been traditionally considered as leaky with unnecessary ventilation resulting in excessive energy use. However care must be taken that, just as in new buildings, adequate controllable background ventilation is provided. This is particularly the case in buildings, which already have poor indoor air quality. For this reason Part L of the Building Regulations refer to Part F of the regulation, which covers the provision of adequate ventilation. However there is no explicit mention that Part F always applies to refurbishment just that, after any refurbishment, the building should "not have a worse level of compliance". This has been interpreted by some to mean that if a window had no controllable background ventilation before replacement then the new replacement window does not require any. Others have interpreted the regulations to mean that, if replacement windows are likely to significantly reduce a building's background ventilation to levels which may result in poor indoor air quality, then controllable background ventilation must be introduced at the same time as a window is replaced. This paper explores the impact that these two different interpretations of the regulations is likely to have and whether there will be adequate ventilation for health and moisture control.
Recommended and Typical Background Ventilation in Dwellings
Recommended levels of background ventilation in dwellings are based predominately on the requirement to disperse moisture generated in dwellings. In areas where combustion occurs higher levels are required. The principle reason for controlling moisture is to prevent mould growth, which has been associated with a range of health problems. Mould growth occurs on hygroscopic building surfaces when the relative humidity at the surface is above 80% for a period of several weeks (Oreszczyn, 2000) . Because external walls are colder than the air inside the building the relative humidity is higher at wall surfaces than the bulk of the room. In order to avoid mould growth a general room RH of less than 70% is recommended provided the building has no serious cold bridges. Relative humidity is a function of temperature and moisture. It is therefore possible to control the room RH by either raising the temperature or reducing the moisture. Improving the heating system and insulation can raise the internal temperature; moisture levels can be reduced by either reducing sources of moisture or increasing the ventilation. BRE (BRECSU, 1997) recommend a ventilation rate of between 0.5 ach and 0.7 ach as being adequate to control most indoor pollutants and provide sufficient fresh air for the comfort of occupants. In another guide (BRECSU, 1996) BRE state a minimum whole house ventilation rate of 0.5 ach is generally considered suitable for condensation protection. This is derived from both practical and theoretical experience. Theoretically it is possible to examine the impact of a reduced air infiltration rate using the moisture balance equations in BS5250 (2002) and the temperature equations in BREDEM 8 (Anderson et al (1997) ). Figure 1 shows how the internal relative humidity (RH) varies with ventilation for an example property with two types of occupant, fuel poor and fuel rich. In the case of fuel rich occupants as the ventilation rate increases they can afford to maintain a comfortable temperature in the dwelling and hence the RH always reduces. In fuel poor dwellings as the ventilation increases the temperature drops in the property because the occupants cannot afford to adequately heat the property. The net result of this is that the RH increases at above 1 ach.
Stephen (1998) has published data on the distribution of background infiltration rates in UK dwellings, as measured by the Building Research Establishment (BRE), see Figure 2 . The average infiltration rate during pressure testing at 50 Pa was found to be 13.1 ach. Applying the standard rule of thumb to convert from pressure test results (ACH 50 ) to air infiltration at normal operational pressure (NL), as given by Sherman (1998) 
The average heating season background air infiltration rate, of a UK dwelling is 0.7 ach. For simplicity throughout this paper Equation 1, has been used to convert pressure test results to air infiltration at normal operational pressures. However it must be noted that if the flow coefficient, flow exponent, floor area and height of a dwelling are known, the background infiltration rate can be calculated with greater accuracy using Equations 2 and3 below. Figure1. The impact of ventilation, on internal relative humidity, for both "Fuel Poor" and "Fuel Rich" occupants
where, ELA 50 is the effective leakage area at 50 Pa, κ is the house flow coefficient, n is the house flow exponent, H is the height of the house and A f the floor area.
Some 34 % of properties tested had a theoretical operational air infiltration rate below 0.5 ach i.e. less than 10 ach at 50 Pa and hence likely to suffer from poor air quality.
Methods of Estimating Background Air Infiltration due to Windows
There are several methods, both empirical and theoretical, which can be used to calculate the air infiltration rate through specific building components. There are also some simple rule of thumb models that are suitable for calculating the change in infiltration rate of a building when windows are replaced.
The BRE Domestic Energy Model BREDEM-8 (Anderson et al 1997) calculates the infiltration rate using the following algorithm:
where: L i is a fabric leakage component (ach) W i is a window leakage component (ach) P i is the proportion (by area) of windows of a given type N i is the number of items (fans, vents etc) of a given type F i is the flow rate for items (fans vents etc) of a given type (m 3 /hour) V T is the total house volume (m 3 )
The leakage components for window elements are given in Table 1 .
Hence if all windows are changed from being very loose and unsealed to well fitting and sealed, the predicted decrease in infiltration rate is 0.3 ach. The algorithm used to calculate window infiltration in the Standard Assessment Procedure SAP version 9.61 uses the following: window infiltration = 0.25 -[0.2 * Percentage of windows draught stripped/100%]. Hence the change in infiltration rate due to draught stripping all windows is 0.2 ach.
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Figure 2. Measured air leakage at 50 Pa in 471 dwellings in the UK. Source Stephen (1998) due to windows and doors, and that a further 2% is due to gaps between window frames and walls. The average infiltration rate of a UK house was found to be 0.7ach. Assuming that 16% of this was due to infiltration from windows and doors, this would suggest a W i of 0.1 ach.
In a recent survey examining the effectiveness of the Warmfront energy efficiency programme (Hong, 2002) , 78 houses were pressure tested and extensively surveyed. Table 2 shows the impact of dwelling draught stripping and adding new double glazed windows on the background air infiltration rate, (assuming the divide by 20 conversion of pressure test results at 50Pa). These results suggest, whereas dwelling draught stripping appears to have little effect on the background infiltration rate, the average infiltration rate of houses with full double Table 3 .
Infiltration may be modelled using software such as CONTAMW and COMIS (Axley, 1995 , Warren, 2000 . Such infiltration models are based on an empirical (power law) relationship between the flow and the pressure difference across a crack or opening in the building envelope: If the flow characteristics, the flow coefficient and exponent, of a building element are known, either from experiment or from tabulated values, the infiltration due to the element may be calculated as a function of pressure difference. Liddament (1986) tabulates the flow characteristics of different window configurations and frame types. Such equations can be used to directly model the flow through elements when a 50 Pa pressure difference is imposed, as during a fan pressurisation test. Modern windows are routinely tested to measure air infiltration according to BS 5368. Such tests can be used to calculate the flow coefficient and flow component of windows. Figure 3 shows results from a laboratory test of three different types of window. The graph clearly shows how the addition of draught stripping to an existing window still results in significant air leakage. The measured flow coefficient and exponent can then be used to determine the impact of a new window in situ.
Replacement Window Infiltration Rate Equation
For a house with old windows the following equation determines the whole house air exchange rate at 50 Pa: Therefore knowing the number of windows to be replaced, the volume of the house and the flow characteristics of the old windows, the change in the air infiltration rate of replacing old windows with new can be estimated. If we assume that the flow exponent for windows is equal to 0.6, i.e. that of a thin crack, this further simplifies to 
where, A t = infiltration rate of house with vents (ach) T = number of trickle vents, C t = flow coefficient of vent, n t = flow exponent of vent.
Pilot Study
In order to test the replacement window infiltration rate equation, a field study was carried out in a test house which was due to have its single glazed windows replaced by new double glazed units. The house was blower door tested (both pressurisation and depressurisation), with its original windows in place. The windows were then replaced and a second pressure test carried out. When the windows were removed care was taken to remove one window intact. This was then tested on a BS 5368 test rig to measure the flow coefficient and flow exponent. Using this data the replacement window infiltration rate equation was used to predict the change in infiltration. This prediction was then compared to the measured value. The test house was a mid terrace, 2 bedroom property with a volume of 173m 3 . The original windows were single glazed with wooden frames; the new windows were double glazed with UPVC frames. The dimensions of the windows are given in Table 4 . In total five windows and two doors were replaced. The window, from the lounge of the house was removed intact, and tested in a BS 5368 pressurisation rig, see Figure 6 . The flow coefficient of the old window was measured to be 0.0012 and the flow exponent 0.41. It was only possible to test one window, hence it was assumed that all the old windows had similar flow characteristics, allowing for normalisation of opening perimeter, equal to that of the tested window. As the windows, which were removed, did not have identical dimensions to that of the single window, which was pressure tested, the value of N, the number of windows replaced in the house was normalised using the perimeter of the opening lights. Hence removing the 5 actual windows was equivalent to replacing 8 pressure-tested windows.
Using Equation 14
, and the measured values of C o and n o , the predicted change in background infiltration rate was calculated to be 0.05 ach.
When the house was pressure tested with it's original windows, the background infiltration rate was measured to be 0.34 ach. After replacement of the windows the new infiltration rate was measured to be 0.3 ach, a reduction of 0.04 ach or 12%. There was therefore a good agreement between the predicted and measured decrease in infiltration rate.
Note: the blower door was mounted in the rear door of the house; hence this door did not contribute to the measured air infiltration of the house. The new front door was found to be badly fitted and was assumed to be as leaky as the door it replaced. It is assumed that all other sources of infiltration, including the gap between the window frames and the walls remained the same. The dimensions of the windows are given in Table 4 .
Conclusions and the Impact of Part L of the Building Regulations
A review of existing data suggests that replacing old leaky windows with modern sealed windows will reduce the background infiltration rate by the order of 0.1 ach to 0.3 ach. The actual value being dependent on the number of windows being replaced, the volume of the house and the leakiness of the old windows.
A new replacement window infiltration rate model has been developed and tested. The following example suggests that replacement windows can significantly reduce infiltration rates.
In a house with a floor area of 85 m 2 , the average for a post war house, with ceiling to floor height of 2.5 m, and a volume of 212.5 m 3 . If each window has an area of 1m 2 , the glazing to floor area ratio for a house with 10 windows is 11%. Replacing 10 old windows which have a flow coefficient of C o = 0.004, (value taken from AIVC, mean value of C o for unweatherstripped top hung timber frame casement windows), with modern well sealed units, would result in a change in infiltration rate of approximately 0.35 ach. If this property had an initial infiltration rate of 0.7 ach, the UK average, the new infiltration rate would be 0.35 ach, i.e. below the widely recommended level of 0.5 ach, to avoid problems due to moisture. The replacement of windows has therefore resulted in a ventilation regime that is significantly worse than that of the original state.
Some form of controllable background ventilation should be provided in dwellings which have an average or below average air infiltration in order to maintain a healthy indoor air quality. Using It would appear that fitting well-sealed replacement windows to the average property in the UK might Assuming that this percentage reduction applies to all the properties, this corrects for the fact that more airtight properties must already have relatively airtight windows. However, very leaky properties will not have this reduction in air tightness, a maximum reduction of 0.35 ach to such properties has therefore been assumed. If these assumptions are applied to the BRE pressure test data set, see Figure 7 , this results in 70% of dwellings having an air change rate of below 0.5 ach after the installation of new windows, whereas only 34% of properties were below 0.5 ach before new windows were introduced.
If moisture problems are to be avoided it is advisable that replacement windows be fitted with controllable background ventilation. The Building Regulations state "In addition the building should not have a worse level of compliance, after the work, with other applicable Parts of Schedule 1", it could be argued that a significant reduction in background ventilation, to a level below 0.5 ach, constitutes a worse level of compliance. Regulations for England and Wales states that the following should be undertaken: "Where windows are to be replaced, providing new draught-proofed ones either with an average U-value not exceeding the appropriate entry in Table 5 or with a centrepane U-value not exceeding 1.2 W/m²K. Where Table 1 of the approved document states that for metal framed windows the U-value should be 2.2 W/m 2 K and for wood or PVC frames 2.0 W/m 2 K. The higher U-value for metal-framed windows allows for additional solar gain due the greater glazed proportion (The Building Regulations, 2002a ).
The replacement work should comply with the requirements of Part L. In addition the building should not have a worse level of compliance, after the work, with other applicable Parts of Schedule 1. Part L1 also refers to Part F of the Building Regulations under the heading of: "The requirement will be met if ventilation is provided which under normal conditions is capable (if used) of restricting the accumulation of such moisture (which could lead to mould growth) and pollutants originating within a building as would otherwise become a hazard to the health of the people in the building." (The Building Regulations 2002b) The recommendations of Table 1 of the approved document Part F are given below in Table A1 
